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g-ray spectroscopy of proton neutron-hole nucleus208Bi from deep inelastic heavy ion reactions
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g rays in thepn21 nucleus 208Bi have been studied at the Gammasphere using deep-inelastic reactions
induced by a 305-MeV48Ca beam on a thick208Pb target. Previously unknown yrastg-ray cascades above the
102 millisecond isomer in208Bi were identified in cross coincidence with knowng rays from complementary
potassium products. Yrast and near-yrast levels up to 5.6 MeV in208Bi have been located, and they are
interpreted in light of earlier charged particle spectroscopy results, and with the help of shell model calcula-
tions.
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I. INTRODUCTION

The 208Bi nucleus is a one-proton-particle, one-neutro
hole system with respect to the doubly magic208Pb core. Its
level structure at low excitation energies arises from 1p-1h
couplings involving 1h9/2, 2f 7/2, and 1i 13/2 proton particles,
and 3p1/2, 2f 5/2, 3p3/2, and 1i 13/2 neutron holes. The208Bi
ground state has the configuration (ph9/2np1/2

21)51, with the
Jp541 member of the same multiplet lying 63 keV highe
All the other 1p-1h states involving theh9/2 proton have
been identified in the 0.5–2.9 MeV energy range by Craw
et al. @1#, who performed high energy resolution209Bi( p,d)
transfer reaction measurements. The highest spin states
tified were theJp5102 and 112 states ofph9/2n i 13/2

21 char-
acter; from earlierg-ray studies, this 102 state is a known
2.58-ms isomer at 1571 keV@2#, and the (p,d) measure-
ments located the 112 state 85863 keV above the 102

isomer.
At about 3 MeV of excitation energy one may expe

states arising from the coupling off 7/2 proton particle and
i 13/2

21 neutron hole. However, since thep f 7/2 single-particle
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orbital lies 900 keV above theph9/2, there is little chance
that these configurations could be close enough to the y
line to be seen in the presentg study.

Yrast 1p-1h states involving thei 13/2 proton particle and
i 13/2

21 neutron hole should occur at somewhat higher excitat
energies. All that is known about these states comes f
208Pb(p,n) charge exchange reaction studies of Anders
et al. @3#, who located in208Bi at about 3.4 MeV a strong
candidate for the (p i 13/2n i 13/2

21 )131 fully stretched state, al-
though the angular distribution does not rule out 111 for all
or part of the observed peak.

Above 3.5 MeV, the208Bi yrast level structure will in-
crease in complexity as excitations of neutrons across
N5126 shell gap become possible. A special class of st
are those arising from 2p-2h configurations involving com-
binations of one-proton particle and one-neutron parti
with two neutron holes coupled to 01 ~as in the206Pb ground
state!. Three208Bi states of this type withI p5111, 121, and
142 and the aligned configurationsp i 13/2ng9/23

206Pb(01),
ph9/2n j 15/23

206Pb(01), and p i 13/2n j 15/23
206Pb(01), re-

spectively, have been located in the 3.5–5.0 MeV range
©2003 The American Physical Society18-1
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Daehnick and Spisak@4,5# using the206Pb(a,d) reaction.
The 208Bi nucleus cannot be reached in heavy ion fusio

evaporation reactions with stable beams, and its yrast l
structure above the 102 isomer has thus far not been e
plored byg-ray spectroscopy.

Since nearly a decade, deep-inelastic reactions have
used successfully for structure investigations of neutron-
nuclei @6#. In such deep-inelastic collisions, the producti
yield is spread over many nuclei, but the resolving power
the large detector arrays has proven sufficient to extract
tailed information from coincidence datasets with large s
tistics, even for weak reaction channels.

In the present work, high-spin states in208Bi ~and many
other nuclei! were populated by deep-inelastic reactions
curring during 48Ca1208Pb heavy ion collisions, and exten
sive g-ray coincidence measurements performed using
Gammasphere multidetector array established additio
yrast and near-yrast states in208Bi extending to about 5.6
MeV. Interpretation of the208Bi level structures above th
102 isomer will be presented, highlighting the significa
overlap between the present results and those from cha
particle reaction spectroscopy. Energy comparisons w
shell model calculations will also be discussed, and the
of octupole excitations will be considered.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The experiment was performed at the Argonne Natio
Laboratory using Gammasphere array and a 305-MeV48Ca
beam from the ATLAS accelerator. A 50 mg/cm2 208Pb target
was placed in the center of the detector array, which c
sisted of 101 Compton-suppressed Ge detectors.g-Ray co-
incidence data were collected with a trigger requiring th
or more Compton-suppressedg rays to be in coincidence
within a 200 ns time range. Each event stored energy
timing information for all Ge detectors that fired within 80
ns of the triggering signal. A total of 8.13108 threefold and
higher events were recorded. The beam, coming in bu
with ;0.3 ns time width, was pulsed with an;400 ns rep-
etition time, providing clean separation of prompt and is
meric events, which simplified the observation ofg-g corre-
lations across isomers. Conditions set on theg-g time
parameter were used to obtain various versions of prom
prompt and prompt-delayedg-g coincidence matrices a
well as promptg-g-g and promptg-g-delayedg cubes cov-
ering g-ray energy ranges to;4 MeV.

The 112 state, arising from the alignedph9/2n i 13/2
21 cou-

pling, located at 85863 keV above the 102 millisecond iso-
mer, should decay by anM1 transition to the isomeric state
As a first step towards identifyingg-ray cascades feeding th
102 isomer, a search was made aimed at finding the 12

→102 208Bi g ray in cross coincidence with knowng rays
in reaction partnerA544–47 potassium nuclei. Coincidenc
spectra, double gated on pairs ofg rays in each of these K
isotopes, examples of which are presented in Figs. 1~a! and
1~b!, indeed showed an intense 855.7-keV Big ray that
could be confidently identified as the sought for208Bi tran-
sition. Many otherg rays could also be assigned to208Bi by
03431
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setting double gates on the 856-keVg ray and on known
transitions in K isotopes; the identification in this way of th
intense cascade of 774, 248, 710, and 325-keVg rays with a
958-keV crossover is illustrated in Fig. 1~c!.

Further inspection of the double gates set on these ne
found transitions, examples of which are displayed in Fig
revealed a weaker 151-keVg ray belonging to the cascad
and other crossovers of 1630, 1035, 476, and 1186 keV. A
result, levels were located at 3201, 3449, 4159, 4484,
4635 keV. Another significant finding is a 2588-keVg ray
deexciting the level at 4159 keV and populating directly t
102 isomer. Intensity balance of the 248, 774, 856, a
1630-keVg rays, obtained by gating ong rays cascading
into the 3449-keV level, was used to extract the convers
coefficienta tot50.8(2) for the 248-keV transition, showin
that it is of M1 character.

Coincident spectra obtained by gating on the 856-keVg

FIG. 1. Representativeg-ray coincidence spectra for potassiu
nuclei that are reaction partners to208Bi. ~a,b! showg rays coinci-
dent with double gates on the47K and 46K transitions specified.~c!
displaysg rays coincident with the 856-keV208Bi transition and
the strongest transitions from the complementaryA544–47 K
products.
8-2
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ray and on the transitions from the reaction partner nuc
showed also a second cascade ofg rays with energies 1174,
690, 545, 627, and 164 keV. All theseg rays were found to
be in mutual coincidence@see Fig. 2~d! for the spectrum
double gated on 856- and 1174-keV transitions#, but the or-
dering was a problem. Observation of 842, 1387, 677, a
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FIG. 2. Representativeg-ray coincidence spectra for208Bi. ~a!,
~b!, and~d! showg rays coincident with double gates on the208Bi
transitions specified. Contaminant lines of known origin are als
indicated.
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2262-keVg rays, connecting this new level structure wi
the established levels, clarified the situation and levels
3601, 4291, 4836, and 5463 keV were firmly located. T
high intensity of the 164-keVg ray suggested that it feed
the level at 5463 keV from a state at 5627 keV. The findi
of 991-keV and 2178-keV transitions, deexciting the 562
keV level into the levels at 4635 keV and 3449 keV, co
firmed that location.

Data analysis also showed a number of otherg transi-
tions, which could be firmly identified as high-lyingg rays
in 208Bi, but they could not be placed in the level scheme.
particular, a cascade of prompt 272, 456, 773, 912, 1015-
lines was observed above the 5627-keV state. This casc
as well as theg rays located in the level scheme, were su
sequently found to be delayed with respect to the group
transitions with energies 321, 557, 591, 607, and 1160 k
which indicated a presence of an isomer at about 9.0 M
Following analysis of theTg-g spectrum for the two men
tioned groups ofg rays yielded an estimate of'40 ns for
the half-life of this isomer.

All g-ray transitions identified in208Bi in this work are
listed in Table I, and the final208Bi level scheme is presente
in Fig. 3. This level scheme includes a state at 3500 k
deexciting by a 1929-keVg ray, which will be discussed in
the following section.

III. DISCUSSION

A. Overlap with charged particle spectroscopy studies

We have already described how the209Bi( p,d) transfer
reaction results@1# helped us to recognize the 855.7-keVg
ray as the 112→102 transition betweenph9/2n i 13/2

21 states in
208Bi. Next should come the highest spin states of 1p-1h
character, those belonging to thep i 13/2n i 13/2

21 multiplet. The
two strongly populated levels located at 3201 and 3449 k
~Fig. 3! appear very good candidates to be the highest s
121 and 131, members of that multiplet. The 3449-ke
level is probably identical with a state observed at about
MeV in a 208Pb(p,n) charge exchange reaction study@3#,
where it was tentatively interpreted as the maximally align
(p i 13/2n i 13/2

21 )131 state. The present results support that ide
tification and determine the excitation energy more ac
rately. The 248-keV transition between the 3449 and 32
keV levels has been shown to haveM1 character from its
total conversion; this means, that the connected states
the same parity and it is consistent with 131 and 121 assign-
ments.

The presentg-ray results also overlap with those from
206Pb(a,d) transfer @4,5#, which located several two
particle, two-hole states in208Bi. From their energies and
their decay properties~which will be discussed later!, it ap-
pears almost certain that the states at 3601 and 4836
~Fig. 3! are identical with the 121 and 142 states of
ph9/2n j 15/2(n

22)0 and p i 13/2n j 15/2(n
22)0 character, located

at 3609~7! and 4848~10! keV, respectively, in the (a,d)
study. Another excitation of this type, the 111 state of
p i 13/2ng9/2(n

22)0 character at 3508~7! keV, was also identi-
fied in (a,d). The g-ray decay of such an 111 state would

o

8-3
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TABLE I. List of g rays identified in208Bi, including intensities
and placements.g transitions that could not be placed in the lev
scheme are listed with their intensities in the bottom part of
table.

g-Ray energy Intensity Initial level energy

Eg ~keV! I g Ei ~keV!

151.0~5! 5 4635.3~10!

163.7~5! 11 5626.7~10!

248.4~3! 42 3449.4~7!

325.2~3! 28 4484.3~9!

475.9~6! 5 4635.3~10!

545.2~4! 13 4836.2~8!

558.8~8! 1 4159.1~8!

626.8~4! 15 5463.0~9!

677.2~4! 5 4836.2~8!

690.3~4! 7 4291.0~7!

709.7~3! 37 4159.1~8!

774.4~3! 79 3201.2~6!

841.7~4! 10 4291.0~7!

855.7~2! 100 2426.8~5!

957.8~5! 13 4159.1~8!

990.8~7! 4 5626.7~10!

1034.9~5! 4 4484.3~9!

1173.9~4! 15 3600.7~6!

1185.9~4! 5 4635.3~10!

1336~1! ,1 4836.2~8!

1386.7~4! 8 4836.2~8!

1629.9~3! 45 3201.2~6!

1928.6~10! 3 3500~1!

2178~1! 1 5626.7~10!

2262.0~8! 3 5463.0~9!

2588~1! 2 4159.1~8!

222.2~5! 3

257.8~5! 5

271.4~6! 6

272.3~5! 11

321.1~6! 8

337.2~8! 9

368.0~7! 5

426.3~7! 6

456.6~7! 4

557.2~6! 5

591.1~6! 4

607.2~6! 5

772.7~6! 3

911.6~4! 8

935.5~4! 5

956.8~6! 5

1002.4~5! 4

1015.0~7! 9

1159.8~4! 5

1196.8~7! 2
03431
mainly feed the 102 isomer directly, and a special searc
through all the coincidence spectra double gated ong rays in
the potassium partners revealed a 1929-keVg ray as the
likely 111→102 transition in 208Bi; it was placed feeding
the 102 isomer from a level at 3500 keV. Later analys
showed coincidence relationships between the 1929-keg
ray and the higher-lying 690, 545, 627, 164-keVg-ray cas-
cade feeding the 3601-keV 121 state. This would imply a
connecting 101-keV transition that should be ofM1 charac-
ter. Such a transition would have the total conversion coe
cient of ;10, making the 101-keVg ray too weak to be
detected in this experiment.

Finally, in support of the contention that the same 2p-2h
states in208Bi have been seen both in (a,d) transfer and in
the presentg-ray study, we note that the 111, 121, and 142

level energies from (a,d) are systematically18, 18, and
112 keV higher than the more accurate values determi
here.

B. Shell model calculations

Our further efforts to interpret the high-spin levels
208Bi were heavily influenced by the results of shell mod
calculations described in this section. These calculations,
space extending from132Sn to 126

310X184 and including five
proton-hole, six neutron-hole, six proton-particle, and sev
neutron-particle orbitals with respect to the208Pb core have
been performed with the OXBASH code@7#. The single-
particle energies were taken from experiment as summar
in Ref. @8#.

The basis for the residual interaction was the realistic
teraction calculated by Kuo and Herling, using the Ku
Brown method, from the measured interaction between f
nucleons@9#. We have used it, but with the modification
applied in Refs.@10–12# to better fit experimental energies
This covered the interactions between particles, meaning
bitals above the shell gap, and those between holes, mea
orbitals below the gap. But for the particle-hole nucle
208Bi, the interaction between orbitals above and below
gap is of primary importance. This interaction has been
cently calculated@13#, again following the Kuo-Brown
method@14#, from the H7B interaction@15#. For the present
calculations, we have checked and adjusted it to known o
particle one-hole states in208Bi. As a result, all diagonal
proton neutron-hole elements have been shifted b
260 keV. In addition, the most important high-spin el
ments have been individually adjusted, namely, for the 12

and 112 states of theph9/2n i 13/2
21 configuration by282 and

1287 keV and for the (p i 13/2n i 13/2
21 )131 element by1156

keV. The results of the calculations for208Bi, including only
yrast and near-yrast states in the spin rangeI 510–17, are
shown in Table II.

The calculated energies of the one-particle, one-hole 12,
112, and 131 excitations agree well with experiment, as o
might expect, since in each case the main matrix elem
was adjusted once to fit the experimental value.~Further it-
erations to achieve perfect agreement seemed pointless.! The
energy of the 3201-keV 121 level is also well reproduced.

e
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FIG. 3. The proposed leve
scheme for 208Bi. Arrow widths
denote the relative transition in
tensities.
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Next we turn our attention to the 111, 121, and 142

2p-2h states that were also seen in the206Pb(a,d) reaction.
As can be seen in Table II, the calculated and experime
energies agree very well. In the nuclei of the208Pb region,
the fastE3 transition fromn j 15/2 to ng9/2 has often been
found to compete with lower multipolarity transitions@16#.
The 142 and 111 states under discussion differ in just th
orbital, and a weak 1336-keV transition between them
indeed seen. It is worth noting that the (p i 13/2n j 15/2n0

22)142

level is not an yrast state in the calculations. Another 12

state with the main componentph9/2n i 11/2(n
22)4 is calcu-

lated 18 keV lower, but such a state cannot be populate
206Pb(a,d), and theg-ray branch to the 111 level would be
most unlikely. Since theg-ray data fully support the assign
ments from charged particle reaction spectroscopy, the s
parity assignments for the levels discussed so far may
regarded as certain. The selection rules forg-ray decay then
limit the possible spin assignments for the higher-lying le
els. The good agreement of the shell model calculation
these clearcut cases also bolsters confidence in further
figuration assignments for higher-lying states, based on c
paring calculated energies with experiment.

Above the assigned 131 yrast state at 3449 keV, the ca
culations predict two other 131 excitations, at 4278 and 434
keV, arising from more complicated configurations. The s
ond state has a very fragmented structure, which resem
the composition of the 32 octupole excitation in208Pb ~aris-
ing from many 1p-1h excitations! with h9/2 proton andi 13/2
neutron hole added to each component. We interpret the l
calculated at 4340 keV as a state of (ph9/2n i 13/2

21 )102332

type, and assign it to the experimental level at 4159 keV
will be further discussed in the framework of particl
octupole coupling.

The other 131 state, calculated at 4278 keV with the ma
component ph9/2n j 15/2p1/2

21f 5/2
21 , might correspond to the

level located at 4291 keV. The energy is very close~within
03431
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13 keV!, and theg-decay pattern is compatible with the th
oretical configuration. Theg decay from and into the 4291
keV level sets strict limits on its spin. For the observedg-ray
energies, theM2 and E3 multipolarities cannot compet
with theE1, M1, andE2 transitions, even if these are wea
Then, the only possible assignments are: 122, 132, 131, and
141. The 122 is unlikely because of the absence of a tra
sition to the 112. In turn, the two 132 levels are calculated a
4357 and 4380 keV, and the 132 assignment cannot be rule
out. The 141 possibility is much less probable as the 141

excitations are calculated at 4479 and 4554 keV, too far aw
when comparing with much better agreement achieved
the other states.

The calculations predict the 141 and 151 yrast states at
4479 and 4635 keV, respectively, both with the main co
figuration ph9/2ng9/2i 13/2

21 p1/2
21 ~66% and 75%!. It is very

likely that the excitations located at 4484 and 4635 keV c
respond to these 141 and 151 states. The state at 4484 ke
decays by a strong 325-keVg ray to the 132

1 excitation and
by a weak 1035-keV branch to the 131

1 state, which is con-
sistent with the proposedJp5141 assignment. The 4635
keV level decays by 151, 476 and 1186-keV transitions
the 141, 132

1 , and 131
1 states, respectively. The 151-ke

branch is the strongest, which is in accord with the sa
nature of the 151 and 141 states.

The shell model calculations give the first threeJp

5152 states at 5481, 5591, and 5650 keV, with the m
configurationsp i 13/2n j 15/2p1/2

21f 5/2
21 , p i 13/2ng9/2p1/2

21i 13/2
21 , and

(p i 13/2n i 13/2
21 )121332, respectively. We tentatively associa

a level at 5463 keV with one of these states. The connec
to the 142 state by a 627-keVg ray is in line with aJp

5152 assignment. Because a 2262-keV transition is
served to the 121 level, this state is probably the octupo
excitation on top of the (p i 13/2n i 13/2

21 )121 level, to be dis-
cussed below.
8-5
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TABLE II. Yrast and near-yrast states up to spinJ517 in 208Bi. Spin-parity values, main configurations
and calculated energies are given in the first three columns, energies of the associated experimental
the fourth column and, references to the previous works for the relevant levels in the fifth column.

Calculated Experimental Previous
Jp Main configuration energy~keV! energy~keV! works

101
2 ph9/2n i 13/2

21 1592 1571 (p,d) @1#

111
2 ph9/2n i 13/2

21 2449 2427 (p,d) @1#

121
1 p i 13/2n i 13/2

21 3242 3201
131

1 p i 13/2n i 13/2
21 3420 3449 (p,n) @3#

111
1 (p i 13/2ng9/2)3n0

22 3477 3500 (a,d) @4,5#
122

1 (ph9/2n j 15/2)3n0
22 3640 3601 (a,d) @4,5#

132
1 ph9/2n j 15/2p1/2

21f 5/2
21 4278 4291

133
1 (ph9/2n i 13/2

21 )332 4340 4159
131

2 ph9/2ng9/2f 5/2
22 4357

132
2 ph9/2n i 11/2p1/2

21f 5/2
21 4380

141
1 ph9/2ng9/2i 13/2

21 p1/2
21 4479 4484

142
1 ph9/2n j 15/2p1/2

21f 5/2
21 4554

151
1 ph9/2ng9/2i 13/2

21 p1/2
21 4635 4635

143
1 ph9/2n j 15/2p1/2

21f 5/2
21 4747

141
2 ph9/2n i 11/2f 5/2

22 4810
142

2 (p i 13/2n j 15/2)3n0
22 4828 4836 (a,d) @4,5#

152
1 ph9/2n j 15/2p1/2

21f 5/2
21 4879

153
1 ph9/2ng9/2f 5/2

21i 13/2
21 4987

161
1 ph9/2ng9/2f 5/2

21i 13/2
21 5076

162
1 ph9/2n i 11/2p1/2

21i 13/2
21 5273

171
1 ph9/2ng9/2f 5/2

21i 13/2
21 5338

151
2 p i 13/2n j 15/2p1/2

21f 5/2
21 5481

172
1 ph9/2n i 11/2f 5/2

21i 13/2
21 5561

152
2 p i 13/2ng9/2p1/2

21i 13/2
21 5591

161
2 p i 13/2ng9/2i 13/2

21 p1/2
21 5631

153
2 (p i 13/2n i 13/2

21 )332 5650 5463
171

2 p i 13/2ng9/2p1/2
21i 13/2

21 5741
164

2 (p i 13/2n i 13/2
21 )332 5856 5627
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The highest-lying level in our level scheme is located
5627 keV. It deexcites by a strong 164-keVg ray and a weak
991-keV transition to the 152 and 151 states, respectively
and again a high-energy 2178-keV transition to t
(p i 13/2n i 13/2

21 )131 state has been observed. This level mig
correspond to the very close lying, calculated 162 state at
5631 keV with the main ~77%! configuration of
p i 13/2ng9/2i 13/2

21 p1/2
21 type, but there are also other 152 and

161 states calculated nearby. We, however, also in this c
interpret the 2178-keV line as a stretchedE3 transition, and
consequently, the level as an octupole excitation built on
131 state.

The fourth calculated 162 level at 5856 keV shows a
structure resembling this octupole excitation. It is a comm
feature, that the shell model calculations place the octup
levels about 200 keV too high in excitation energy. Here i
181 keV for the 131, 187 keV for 152, and 229 keV for
162. In 208Pb, a similar difference of 205 keV is observe
for the 171 state, the octupole excitation built on th
(n j 15/2n i 13/2

21 )142 state@13#.
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It is not clear why the calculated 171 and 161 yrast levels
are not observed, but the two effects may contribute to
first, the level population falls off sharply above the 141

state, and second, their decay involve highly convertedM1
transitions.

C. Octupole excitations

The level at 4159-keV decays to the 131, 121
1 , 122

1 , and
102 states by 710, 958, 559, and 2588-keVg rays, respec-
tively. The 2588-keV branch to the 102 isomer suggests tha
the 4159-keV level might correspond to the 131 state arising
from the 32 octupole excitation of the208Pb core ~with
2615-keV 208Pb unperturbed energy! built on the 102 iso-
mer. In such a case, the two transitions at 710 and 958 k
connecting the 4159-keV 132

1 state with the 121 and 131

excitations at 3201 and 3449 keV of rather purep i 13/2n i 13/2
21

character, would be mediated by the admixture of
p i 13/2n i 13/2

21 type in that 4159-keV 132
1 state. Under this as

sumption, the branching ratioI (958)/I (710)50.3 is given
simply by the geometrical factor that accounts for the diff
8-6
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ent spins 121 and 131 of the final states. It agrees very we
with the experimental value of 0.35~6!. The summedM1 rate
for the 710 and 958-keV transitions can be calculated fr
the knowng factors of thei 13/2 proton particle and thei 13/2

neutron hole as (2.631013 s21)3 admixture. Taking for the
B(E3;131→102) a value of 30–40 W.u., one gets the ra
(3.0–4.5)31010 s21 for the 2588-keV transition. The exper
mental branching ratio isI (7101958)/I (2588)524(6),
which implies an admixture of the order of 4%.

The energy of the 32 octupole state built on the
(ph9/2n i 13/2

21 )102 isomer can be estimated taking into a
count the individual energy shifts of the octupole excitatio
built on the ph9/2 and n i 13/2

21 orbitals as 261511262130
52611 keV, close to the experimental energy of 2588 k
One has to note that such a simple summation of the en
shifts would be appropriate only for the octupole built on t
stretched (ph9/2n i 13/2

21 )112 state. Since, in the case we a
considering now, the octupole is built on the 102 state,
which is a Jmax-1 excitation, the shift should be slightl
changed. However, the main feature that the expected
should be small, remains unaltered.

The 121 3201-keV state is ofp i 13/2n i 13/2
21 type. The en-

ergy of the 2262-keV line from the 152 level is shifted by
2353 keV from the 2615-keV pure octupole energy
208Pb. One expects the shift to be the sum of that of
individual orbitals times a geometrical factor 10/13, beca
the coupling is not stretched@17#. The shift is directly known
as 24852261552130 keV for then i 13/2

21 configuration in
207Pb. For thep i 13/2 orbital in 209Bi, it has to be calculated
The octupole coupling constant might be taken betweeh
5730 keV as found for thei 13/2 neutron hole@17# and h
5930 keV @18#. The theoretical valueh5910 keV @19# is
also close. The shift is then2248 keV and2282 keV, re-
spectively. This is about twice the shift for thei 13/2 neutron
hole, because thei 13/2 proton is above its partnerf 7/2, while
the sequence is reversed for the neutron holes. In total,
gives the expected shift for208Bi ( 21302260)/1.35
2300 keV close to the measured value of2353 keV.

The B(E3,152→121) likely exceeds 50 W.u. This ha
been found for similar cases@20#, if two strongly octupole
coupled orbitals contribute. The decay rate is thenl(E3)
>2.331010 s21. The M1 branch with 627 keV to the 142

level is experimentally five times stronger, orl(M1)>1.1
31011 s21, corresponding to 0.015 W.u. That can well
possible as the structure of the two states is different. In
same way, the level at 5627 keV might be regarded as 12,
the octupole excitation of the stretched (p i 13/2n i 13/2

21 )131

state, as they are connected by a 2178-keV line. The
pected energy is 2615239052225 keV. In conclusion, three
levels can be well explained as octupole excitations built
one-particle, one-hole levels.

D. Comparison with 132Sb

There is a general close resemblance between the s
troscopy of the132Sn and the208Pb regions. The orbitals
above and below the energy gaps in the two cases are s
larly ordered, and every single-particle state in the132Sn re-
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gion has its counterpart around208Pb with the same radia
quantum numbern and one unit larger in angular momental
and j. Only recently a few yrast states were located in t
pn21 132Sb nucleus@21#, which is the counterpart ofpn21

208Bi. The 102 and 112 states in208Bi of ph9/2n i 13/2
21 char-

acter correspond to the 82 and 92 excitations in132Sb aris-
ing from the pg7/2nh11/2

21 configuration. Similarly, the 121

and 131 states in208Bi of the p i 13/2n i 13/2
21 type have partners

in the 101 and 111 members of the theph11/2nh11/2
21 multi-

plet in 132Sb ~Fig. 4!. In both cases the energy differenc
between thej max21 states of the corresponding configur
tions, i.e., between the 121 and 102 excitations in208Bi and
101 and 82 in 132Sb are very close to the energy differen
of the single-particle energies of the proton orbitals involve
In 208Bi, the 121 and 102 excitations are connected by
1630-keV transition, which is the obvious counterpart of t
1609-keV p i 13/2→ph9/2 M2 transition in the neighboring
one-proton nucleus209Bi. In 132Sb, the corresponding 101

state decays to the 82 excitation by a 2799-keVg ray, which
again is very close to the 2792 keV one of theph11/2
→pg7/2 M2 transition in 133Sb.

In recent works@21–23#, specific nucleon-nucleon inter
actions needed for shell model calculations in nuclei arou
132Sn were estimated from empirical interactions known
corresponding208Pb region nuclei. Thus, from the 856-ke
102-112 spacing in the 208Bi ph9/2n i 13/2

21 multiplet, one
could estimate, usingA21/3 scaling to take account of th
size difference, that the 82-92 spacing for thepg7/2nh11/2

21

multiplet in 132Sb should be 996 keV, in good agreeme
with experiment. However, a similar comparison between
ph11/2nh11/2

21 101-111 spacing of 401 keV in132Sb and the
p i 13/2n i 13/2

21 121-131 spacing of 248 keV in208Bi gives less

FIG. 4. Comparison of yrast one-particle, one-hole states
208Bi and 132Sb. Dominant shell model configurations are indicate
8-7
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satisfactory agreement, possibly reflecting mixing of oth
configurations in the208Bi case.

IV. SUMMARY

Detailedg-ray coincidence measurements using Gamm
sphere for the reaction system208Pb1305 MeV 48Ca have
provided much information about yrast and near-yrast e
tations in 208Bi above the known 102 isomer. The new find-
ings include high-spin members ofpn21 multiplets and
states arising from two-particle, two-hole couplings. Cons
erable overlap between the present data and those from
lier charged particle spectroscopy studies was importan
the interpretation of the208Bi levels, as well as comparison
ys

.

rt

.
.

ld

or

l.
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with results of extensive shell model calculations. Among
2p-2h states, three levels were explained as octupole e
tations built on specific 1p-1h states, and their energies we
shown to be consistent with empirical predictions. Whe
possible, the 1p-1h states in208Bi are compared with corre
sponding excitations in its counterpartpn21 132Sb nucleus.
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